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Abstract 

In this study, micro-level data from wood energy producers in Hedmark County were gathered and analysed. The aim was to find how 
much greenhouse gas (GHG) emissions various kinds of wood energy cause (not only C0 2 , but also CH 4 and N 2 0), which energy they 
substitute, their potential to reduce GHG emissions, and the major sources of uncertainty. The method was life cycle assessment. Six 
types of wood energy were studied: fuel wood, sawdust, pellets, briquettes, demolition wood, and bark. 

GHG emissions over the life cycle of the wood energy types in this study are 2-19% of the emissions from a comparable source of 
energy. The lowest figure is for demolition wood substituting oil in large combustion facilities, the highest for fuel wood used in dwellings 
to substitute electricity produced by coal-based power plants. 

Avoided GHG emissions per m 3 wood used for energy were from 0.210 to 0.640 tonne C0 2 -equivalents. Related to GWh energy 
produced, avoided GHG emissions were from 250 to 360 tonne C0 2 -equivalents. Avoided GHG emissions per tonne C0 2 in the wood 
are 0.28-0.70 tonne C0 2 -equivalents. The most important factors were technology used for combustion, which energy that is substituted, 
densities, and heating values. Inputs concerning harvest, transport, and production of the wood energy are not important. 

Overall, taking the uncertainties into account there is not much difference in avoided GHG emissions for the different kinds of wood 
energy. 

© 2006 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Forests play an important role in the global carbon cycle 
and have been given considerable attention as a way to 
reduce the accumulation of C0 2 in the atmosphere. While 
fixation of C0 2 is a temporary and passive solution, use of 
forest products instead of more energy-intensive materials, 
or instead of fossil fuels, can contribute to a long-term 
solution [1-5]. 

There are several studies on the subject of avoided 
greenhouse gas (GFIG) emissions when wood substitutes 
more energy-intensive building materials. For Norway and 
Sweden they are discussed in [6]. An example from outside 
the Scandinavian countries is Scharai-Rad and Welling [7]. 
These studies show that wood products in general cause 
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less GHG emissions over their life cycle compared to other 
materials. 

Most studies analysing the aspects of using biomass 
instead of fossil energy have used factors based on industry 
or country averages, e.g. [8-12]. In this study, micro-level 
data from wood energy producers in Hedmark County 
were gathered and analysed. The aim was to find how 
much GHG emissions various kinds of wood energy cause 
(not only C0 2 , but also CH 4 and N 2 0), which energy they 
substitute, their potential to reduce GHG emissions, and 
the major sources of uncertainty. 

The article contains three main objectives. The first is to 
quantify the amount of GHG emissions fuel wood, 
sawdust, pellets, briquettes, demolition wood, and bark 
produce over their life cycle. The second is to analyse 
empirical data obtained from bioenergy producers in 
Hedmark County in Norway. In particular, avoided 
GHG emissions are calculated for each type of wood 
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energy: (1) avoided GHG emissions per m 3 input, (2) 
avoided GHG emissions per GWh energy produced, 
and (3) avoided GHG emissions per tonne C0 2 in the 
wood. The third objective is to identify sources of 
uncertainty using sensitivity analyses. For example, exam¬ 
ining the impact of changing assumptions regarding 
transport, number of GHGs included, and technology, as 
well as the effect of a +10% change in each assumption at 
a time. 

2. Methodology and assumptions 

2.1. Methodology 

The method used in the paper is life cycle assessment. 
This is an environmental account over a product’s 
lifetime and is described among others in [13-17]. The 
life cycle consists of various steps, for wood energy 
products these steps will be harvest, production, incinera¬ 
tion, and transport. The GHG studied in this article are 
C0 2 , CH 4 , and N 2 0, which are the main emissions from 
combustion of fuels. Wood energy is assumed to be C0 2 
neutral, and the time dimension of fixation during growth 
and release to the atmosphere in incineration is not taken 
into account. 

2.2. Main assumptions 
2.2.1. Fuel wood 

Fuel wood is used in private houses for heating and can 
substitute domestic heating oil in boilers or electricity. 
Electricity is the main source of energy for households in 
Norway, 79% of total energy use [18]. Two alternatives are 
surveyed: (1) fuel wood substitutes electricity from 
imported electricity produced by coal-fired power plants, 
and (2) fuel wood substitutes domestic heating oil. 

The data used in the life cycle assessment of fuel wood is 
from the firm Rondeved ANS in Folldal, Norway. They 
produce fuel wood from pine and birch logs. The data is 
shown in Table 1, while data used in all the life cycle 
assessments of wood energy is shown in Table A.l. 
Average efficiency of combustion for use of fuel wood 


Table 1 

Input data for the life cycle assessment of fuelwood from Rondeved ANS, 
Folldal, Norway 

Annual production 101 fm 3 birch fuelwood 

178fm 3 pine fuelwood 

Annual consumption of diesel oil 700 1 

Annual electricity consumption 0 

Transport distance of timber to 
production facilities 
Transport distance to consumer 
Moisture content at time of sale 


and oil in dwellings in Table A.l is used as a base 
alternative. 

2.2.2. Sawdust 

Sawdust is used in large combustion facilities, for 
heating or for drying of sawn wood, where the alternative 
is oil. Data used in the life cycle assessment of sawdust used 
for energy is from the sawmill Forestia Valer in Valer, 
Norway and are shown in Table 2. Data used in all the life 
cycle assessments of wood energy are shown in Table A.l. 
Consumption of diesel is based on diesel consumption in 
sawmills from Apneseth [19]. Bark is not included in the 
calculation, and the sawdust is not dried. 

2.2.3. Bark 

Bark is used for heating or for drying of sawn wood in 
large combustion facilities where the alternative is fuel oil. 
Bark has an energy content of 718-2070 kWh/m 3 (based on 
average factor for uncompacted bark, moisture content, 
and energy content for fresh and stored bark) [20]. Apart 
from the lower energy content, the assumptions are similar 
to those for sawdust in Table 2. 

2.2.4. Briquettes 

Briquettes are assumed to substitute oil in larger 
combustion facilities, for heating of large buildings. The 
life cycle assessment is for the firm Gruespon in Kir ken ter, 
Norway. They use sawdust from neighbouring wood- 
producing industry as raw material. The production 
facility has a bark burning boiler, and how much 
energy that is needed in the production of briquettes is 
found from the total energy use/tonne briquettes. Data 


Table 2 

Input data for the life cycle assessment of sawdust from Forestia Valer, 
Valer, Norway 


Annual consumption of timber 

32 0000 m 3 

(excluding bark) 


Timber/sawn wood ratio 

47.6% 

Annual electricity consumption 

11.9 GWh 

Transport distance to consumer 

64 km (Valer-Kongsvinger) 


The figures are from 1999. 


Table 3 

Input data for the life cycle assessment of briquettes from Gruespon 

Annual production 3117 tonne 

Annual electricity consumption 789 MWh 

Total annual energy consumption 1 GWh 
(electricity and steam) 


25 km 

204 km (Folldal-Elverum) 
10-18% 


Transport distance of sawdust/chips 
to factory 

Transport distance to consumer 
Heating value 


0 km 

50 km (Kirkenter-Kongsvinger) 
4700 kWh/tonne 


The figures are from 2002. 


The figures are from 2002. 








A. K. Petersen Raymer / Biomass and Bioenergy 30 (2006) 605-61 7 


607 


Table 4 

Input data for the life cycle assessment of pellets Norsk trepellets 
Langmoen 


Annual production 

8000 tonne 

Annual electricity consumption 

900 000 kWh 

Annual consumption of steam 

200 000 kWh 

Transport distance of sawdust/ 
chips to factory 

119 km (Valer-Brumunddal) 

Transport distance to consumer 

15 km (Brumunddal-Hamar) 

Heating value 

4700 kWh/tonne 


The figures are from 2002. 


specific for briquettes is shown in Table 3, general 
assumptions used in all the life cycle assessments are 
shown in Table A.l. 

2.2.5. Pellets 

The data for the life cycle assessment of pellets is from 
the company Norsk trepellets Langmoen, in Brumunddal, 
Norway. The firm uses sawdust and chips from a 
neighbouring parquet producer as raw material. Since the 
parquet producer use softwood timber from outside the 
county, data for sawdust in Table 2 are used to make the 
analysis more representative. Data for drying of sawdust 
are the same as for briquettes (Table 3). The data are 
shown in Tables 4 and A.l. The pellets are used in 
combustion facilities for heating of large buildings. 

2.2.6. Demolition wood 

Wood products can be used as energy at the end of their 
lifecycle. Demolition wood often contains paint or other 
substances and can only be incinerated in special combus¬ 
tion facilities. These combustion facilities have a high 
efficiency of combustion, and the energy can be used for 
district heating. Assumptions used in the analysis of 
substitution effects from using demolition wood instead 
of fuel oil are shown in Table A.l. 

2.3. Comparison of avoided GHG emissions from the 
different kinds of wood energy 

The LCAs of the various types of wood energy have 
different functional units, i.e. unit followed over the life 
cycle. Fuel wood, sawdust, bark, and demolition wood are 
accounted for in terms of m 3 , pellets and briquettes in 
terms of tonnes. In order to be able to compare the results, 
avoided emissions are first related to 1 m 3 input of wood 
raw material. This shows how efficient the substitutions are 
in relation to the amount of wood raw material needed. 

In a second comparison, avoided GHG emissions are 
related to GWh energy produced: 

Avoided GHG emissions per GWh 

avoided GHG emissions per m 3 wood ^ ^ ^ 

heat value woo d x efficiency of combustion WOO( j 


The third comparison is based on avoided GHG emissions 
per tonne C0 2 in the wood, found with the equation 

Avoided GHG emissions per tonne C0 2 in the wood 
avoided GHG emissions per m 3 wood 
dry density x 0.5 x (44/12) 

The assumptions for each type of wood energy described 
in Section 2.2 are referred to as basis alternatives. Various 
changes from these basis alternatives are studied to find a 
most likely range for the results: 

• Energy use and GHG emissions from transport are 
omitted to see how much transport affects the results 

• Only C0 2 is accounted for (CH 4 and N 2 0 are not 
included). 

• Fuel wood is used in new and more efficient wood 
stoves, instead of the average stove. 

• Pellets are used in new and efficient domestic pellet 
stoves instead of large combustion facilities. The energy 
substitutes oil in domestic boilers. 

• Briquettes are used in domestic wood stoves, either an 
average efficient one or a new one. The energy 
substitutes oil in domestic boilers. 

Furthermore, each assumption is increased/decreased by 
10% one at a time and the corresponding percentage change 
in the results reported. This sensitivity analysis shows how 
sensitive the results are for uncertainty in the assumptions, 
and which assumptions that are most important. 

3. Results and discussion 

3.1. GHG emissions over the life cycle of the various wood 
energy types 

3.1.1. Fuel wood 

Energy consumption and GHG emissions over the life cycle 
of pine fuel wood are shown in Table 5, for birch fuel wood in 
Table 6. No electricity is used in the production of fuel wood. 
The energy use in transport is somewhat higher for birch, 
because birch fuel wood is heavier than pine fuel wood. For 
the same reason, there are higher CH 4 and N 2 0 emissions 
from combustion of birch fuel wood. Another reason, for 
higher N 2 0 emissions is the higher nitrogen content in birch. 

For both kind of fuel wood transport, production, and 
harvest require use of fossil fuels (in descending order of 
importance). In terms of C0 2 -equivalents, combustion 
causes the highest emissions because of CH 4 and N 2 0 
emissions. 

3.1.2. Sawdust 

Table 7 shows energy consumption and GHG emissions 
over the life cycle of 1 m 3 sawdust. The largest use of fossil 
energy is for transport, followed by harvest, and produc¬ 
tion. Compared to fuel wood, sawdust causes 34-41% less 
GHG emissions over its life cycle. This is mainly because 
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Table 5 

Energy consumption and GHG emissions over the life cycle of 1 m 3 pine fuel wood 



Energy (kWh) 

Electricity Fossil fuels Bio-energy 

C0 2 (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Harvesting 

0 

20 

0 

5.300 

0.000 

0.001 

5 

Transport 

0 

8 

0 

1.836 

0.000 

0.000 

2 

Production 

0 

32 

0 

7.038 

0.000 

0.001 

7 

Transport to consumer 

0 

34 

0 

7.491 

0.000 

0.001 

8 

Combustion 

0 

0 

0 

0.000 

3.016 

0.011 

38 

Sum 

0 

94 

0 

21.665 

3.016 

0.014 

61 


Table 6 

Energy consumption and GHG emissions over the life cycle of 1 m 3 birch fuel wood 


Energy (kWh) 

Electricity Fossil fuels 

Bio-energy 

C0 2 (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Harvesting 

0 

20 

0 

5.300 

0.000 

0.001 

5 

Transport 

0 

10 

0 

2.123 

0.000 

0.000 

2 

Production 

0 

32 

0 

7.038 

0.000 

0.001 

7 

Transport to consumer 

0 

39 

0 

8.661 

0.000 

0.001 

9 

Combustion 

0 

0 

0 

0.000 

3.695 

0.022 

49 

Sum 

0 

101 

0 

23.122 

3.695 

0.025 

73 


Table 7 

Energy consumption and GHG emissions over the life cycle of 1 m 3 sawdust from spruce (not dried) 


Energy (kWh) 

Electricity Fossil fuels Bio-energy 

C0 2 (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Harvesting 

0 

20 

0 

5.300 

0.000 

0.001 

5 

Transport 

0 

16 

0 

3.599 

0.000 

0.000 

4 

Production 

37 

12“ 

0 

3.059 

0.000 

0.000 

3 

Transport to consumer 

0 

11 

0 

2.350 

0.000 

0.000 

2 

Combustion 

0 

0 

0 

0.000 

0.141 

0.033 

11 

Sum 

37 

59 

0 

14.308 

0.141 

0.035 

25 


“Diesel consumption from handling and transport at the sawmill. 


there are lower CH 4 and N 2 0 emissions from a large boiler 
in industry than from a domestic wood stove. 

3.1.3. Bark 

Table 8 shows energy consumption and GHG emissions 
over the life cycle of 1 m 3 bark used in a large combustion 
facility. The results are similar to sawdust, except that bark 
is burnt on site so there is no transport to combustion 
facility. Another difference is that bark has a lower density. 
Consequently, combustion of 1 m 3 bark will emit less than 
combustion of 1 m 3 sawdust. 

3.1.4. Briquettes 

Energy consumption and GHG emissions over the life 
cycle of briquettes are shown in Table 9. Briquettes are 
made from sawdust. The highest energy use is in 
production of the briquettes, followed by production of 


sawdust, drying, and transport to consumer. GHG 
emissions are mainly from production of sawdust and 
from combustion. To compare with the previous kinds of 
wood energy, 1 nr of briquettes would cause 26 kg C0 2 - 
equivalents, quite similar to sawdust and bark. 

3.1.5. Pellets 

Table 10 shows energy consumption and GHG emis¬ 
sions over the life cycle of 1 tonne pellets. The only 
difference from briquettes is that the sawdust has to be 
transported to the pellets factory. Similar to briquettes, 
GHG emissions are from production of sawdust and 
combustion. 

3.1.6. Demolition wood 

Table 11 shows GHG emissions from combustion of 
demolition wood. Demolition wood is already produced, 
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Table 8 

Energy consumption and GHG emissions over the life cycle of 1 m 3 bark (not dried) 



Energy (kWh) 

Electricity Fossil fuels Bio-energy 

C0 2 (kg) 

CH 4 (kg) 

N,0 (kg) 

CCK-equivalents (kg) 

Harvesting 

0 

20 

0 

5.300 

0.000 

0.001 

5 

Transport 

0 

16 

0 

3.599 

0.000 

0.000 

4 

Production 

37 

12" 

0 

3.059 

0.000 

0.000 

3 

Transport to consumer 

0 

0 

0 

0.000 

0.000 

0.000 

0 

Combustion 

0 

0 

0 

0.000 

0.099 

0.023 

7 

Sum 

37 

48 

0 

11.958 

0.099 

0.025 

20 

"Diesel consumption from handling and transport at the sawmill. 


Table 9 

Energy consumption and GHG emissions over the life cycle of 1 tonne briquettes 


Energy (kWh) 

Electricity 

Fossil fuels Bio-energy 

CO, (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Production of sawdust 

86 

112 

0 

27.810 

0.000 

0.004 

29 

Transport 

0 

0 

0 

0.000 

0.000 

0.000 

0 

Drying 

0 

0 

68 

0.000 

0.073 

0.000 

1 

Production 

253 

0 

0 

0.000 

0.000 

0.000 

0 

Transport to consumer 

0 

10 

0 

2.295 

0.000 

0.000 

2 

Combustion 

0 

0 

0 

0.000 

0.300 

0.070 

22 

Sum 

340 

123 

68 

30.105 

0.373 

0.074 

54 


Table 10 

Energy consumption and GHG emissions over the life cycle of 1 tonne pellets 


Energy (kWh) 

Electricity 

Fossil fuels 

Bio-energy 

C0 2 (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Production of sawdust 

86 

112 

0 

27.810 

0.000 

0.004 

29 

Transport 

0 

25 

0 

5.462 

0.000 

0.001 

6 

Drying 

0 

0 

68 

0.000 

0.073 

0.000 

1 

Production 

113 

0 

25 

0.000 

0.027 

0.000 

0 

Transport to consumer 

0 

3 

0 

0.689 

0.000 

0.000 

1 

Combustion 

0 

0 

0 

0.000 

0.300 

0.070 

22 

Sum 

199 

140 

93 

33.960 

0.400 

0.074 

59 


Table 11 

GHG emissions from combustion of 1 m 3 demolition wood 


Tree species 

C0 2 (kg) 

CH 4 (kg) 

N 2 0 (kg) 

C0 2 -equivalents (kg) 

Spruce 

0.000 

0.141 

0.033 

11 

Pine 

0.000 

0.156 

0.036 

12 

Birch 

0.000 

0.191 

0.045 

14 

Aspen 

0.000 

0.147 

0.034 

11 


so the only step that is left out is transport. In the 
sensitivity analysis of avoided GHG emissions from using 
different kinds of wood energy, transport contributes 
1-4%. The results for GHG emissions from demolition 
wood are similar to the other kinds of wood energy. The 


differences between tree species are because of different 
density and energy content. 

3.2. Comparison of avoided GHG emissions from using 
different kinds of wood energy 

3.2.1. Avoided GHG emissions per m 3 wood raw material 
Table 12 shows avoided GHG emissions per m 3 timber 
used to produce different kinds of wood energy. Avoided 
GHG emissions range from 0.280 to 0.470 tonne C0 2 - 
equivalents per m 3 wood in the basis alternative. Avoided 
emissions are highest for pellets and briquettes. They are 
followed by sawdust, birch and pine fuel wood when the 
energy substitutes oil, bark, and fuel wood when the energy 
substitutes electricity. 
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Table 12 

Avoided GHG emissions per m 3 timber used to produce the wood energy (tonne COi-equivalents per m 3 timber) 


Bioenergy 

Alternative 

Use 

Basis 

Transport 
not included 

Only C0 2 
included 

New wood 

stoves 

New 

domestic 

stove 

Wood stove 

Pine fuel wood 

Electricity 

Dwellings 

0.278 

0.288 (3%) 

0.317 (14%) 

0.414 (49%) 

— 

— 

Birch fuel wood 

Electricity 

Dwellings 

0.310 

0.322 (4%) 

0.360 (16%) 

0.464 (49%) 

— 

— 

Pine fuel wood 

Heating oil 

Dwellings 

0.377 

0.387 (3%) 

0.414 (10%) 

0.552 (46%) 

— 

— 

Birch fuel wood 

Heating oil 

Dwellings 

0.437 

0.448 (3%) 

0.486 (11%) 

0.641 (47%) 

— 

— 

Sawdust (raw) 

Oil 

Industry 

0.462 

0.468 (1%) 

0.469 (2%) 

— 

— 

— 

Pellets 

Oil 

Industry 

0.471 

0.477 (1%) 

0.479 (2%) 

— 

0.552 (17%) 

— 

Briquettes 

Oil 

Industry 

0.473 

0.477 (1%) 

0.481 (2%) 

— 

— 

0.208-0.515 (—56% 9%) 

Bark 

Oil 

Industry 

0.336 

0.340 (1%) 

0.343 (2%) 

— 

— 

— 

Demolition wood, spruce 

Oil 

Industry 

— 

0.479 

0.488 (2%) a 

— 

— 

— 

Demolition wood, pine 

Oil 

Industry 

— 

0.564 

0.573 (2%) a 

— 

— 

— 

Demolition wood, birch 

Oil 

Industry 

— 

0.635 

0.646 (2%) a 

— 

— 

— 

Demolition wood, aspen 

Oil 

Industry 

— 

0.479 

0.488 (2%) a 

— 

— 

— 


Percentage change from basis in parentheses. 

“Percent change from the alternative where GHG emissions from transport is not included. 


Avoided emissions are higher when fuel wood substitutes 
domestic heating oil than electricity from imported coal- 
based power. This is because the coal-based electricity is 
made with the best available technology, and that large 
coal-fired power plants are more efficient than domestic 
stoves. The latter aspect also explains that avoided 
emissions in Table 12 are higher when wood energy is 
used in large combustion facilities than when it is used in 
small stoves. 

There is a larger substitution effect from using birch fuel 
wood than pine fuel wood. This is because, birch has a 
higher heating value than pine. Higher GHG emissions 
over the life cycle because birch is heavier are small 
compared to the higher avoided GHG emissions from 
substituted oil. Combustion of birch fuel wood in small 
domestic stoves causes higher emissions of N 2 0, but this 
has no effect compared to the higher heating value. 
Similarly, avoided GHG emissions from using demolition 
wood are higher for birch and pine than for spruce and 
aspen. 

The results increase by 1-4% when emissions from 
transport are omitted. If only C0 2 of the GHGs are 
included, avoided GHG emissions increases by 10-16% for 
fuel wood and 2% for the other types of wood energy. 
Burning of wood in small stoves generates higher emissions 
of CH 4 and N 2 0 than when it is burnt in large boilers, and 
omitting these gases from the calculation will exaggerate 
avoided GHG emissions from using fuel wood. If fuel 
wood is used in new wood stoves instead of average ones, 
avoided emissions increases from 46% to 49%. Avoided 
emissions increase more when the energy substitutes 
electricity than when it substitutes oil. That is because the 
value in the denominator in the calculation of percent 
change is smaller. 

Pellets can be used in domestic boilers. Using pellets in a 
new pellet boiler in a dwelling will increase avoided 


emissions by 17% compared to using pellets in large 
combustion facilities. Briquettes can also be used to heat 
up dwellings, in small wood stoves. This will either decrease 
or increase avoided emissions depending on how efficient 
the wood stove is. 

In another sensitivity analysis, each input factor in the 
LCAs was decreased and increased by 10%, one at a time. 
Table 13 shows those of the inputs that caused a change in 
the result higher than 0%. The complete sensitivity analysis 
is shown in Table B.l. 

In the alternative where fuel wood substitutes electricity 
from coal-based power, a 10% change in efficiency of 
combustion for the fuel wood and the C0 2 emission factor 
for coal based power gives a change in the result of 12%. A 
change in the lower and higher heat value contributes to a 
6% change in the result. However, since the heat value used 
in the calculations is the average of these two, changing 
them both at the same time, i.e. changing the used heat 
value, gives a 12% change in the result. Density of diesel 
oil, GWP value for CH 4 , C0 2 emission factor from heavy 
transport, density, and CH4 emission factor for small 
wood burning stoves all give a change in the result of 
1 - 2 %. 

When the energy from the fuel wood substitutes oil, a 
10% change in the energy content of oil, C0 2 emissions 
from oil, and efficiency of combustion for wood and oil 
gives a 10-13% change in the result. Similar to the 
alternative where fuel wood substitutes coal-based elec¬ 
tricity, changing the average heat value with 10% changes 
the result by 12%. Density of diesel oil, GWP value for 
CH 4 , C0 2 emission factor from heavy transport, density, 
and CH 4 emission factor for small wood burning stoves all 
give a change in the result of 1%. 

The density of birch is important for GHG emissions 
from birch because the emission factors are based on 
weight. Since the equivalent amount of energy from 
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Table 13 

Avoided GHG emissions per GWh energy produced (tonne CC> 2 -equivalents per GWh) 


Bioenergy 

Alternative 

Use 

Basis 

Transport 
not included 

Only C0 2 
included 

New wood 

stoves 

New domestic Wood stove 

stove 

Pine fuel wood 

Electricity 

Dwellings 

245 

253 (3%) 

279 (14%) 

260 (6%) 

- - 

Birch fuel wood 

Electricity 

Dwellings 

241 

250 (4%) 

280 (16%) 

257 (7%) 

— — 

Pine fuel wood 

Heating oil 

Dwellings 

332 

340 (3%) 

364 (10%) 

347 (5%) 

— — 

Birch fuel wood 

Heating oil 

Dwellings 

339 

348 (3%) 

378 (11%) 

355 (5%) 

— — 

Sawdust (raw) 

Oil 

Industry 

304 

308 (1%) 

309 (2%) 

— 

— — 

Pellets 

Oil 

Industry 

291 

295 (1%) 

297 (2%) 

— 

364 (25%) 

Briquettes 

Oil 

Industry 

292 

295 (1%) 

298 (2%) 

— 

268-364 (—8%—25%) 

Bark 

Oil 

Industry 

302 

305 (1%) 

307 (2%) 

— 

— — 

Demolition wood, spruce 

Oil 

Industry 

— 

299 

305 (2%) a 

— 

— — 

Demolition wood, pine 

Oil 

Industry 

— 

300 

305 (2%) a 

— 

— — 

Demolition wood, birch 

Oil 

Industry 

— 

299 

305 (2%) a 

— 

— — 

Demolition wood, aspen 

Oil 

Industry 

— 

299 

305 (2%) a 

— 

— — 


Percentage change from basis in parentheses. 

“Percent change from the alternative where GHG emissions from transport is not included. 


coal-based electricity causes lower emissions than the 
equivalent amount of energy from oil, the change in 
percent is higher for the alternative where birch fuel wood 
substitutes coal-based electricity. Furthermore, a 10% 
decrease in energy content of domestic heating oil gives a 
higher change in the result than a 10% increase because 
this factor is included in the denominator for calculating 
GFLG emissions from substituted oil, i.e. a non-linear 
relationship. Similarly, a 10% reduction in efficiency of 
combustion for oil in small stoves gives a higher change in 
the result than a 10% increase. 

For sawdust energy content of domestic heating oil, heat 
value of the sawdust, C0 2 emission factor for combustion 
of oil, and efficiency of combustion for sawdust and oil are 
the most important factors. Changing these assumptions 
by +10% changes the result by +9-12%. A 10% 
reduction in efficiency of combustion for oil in larger 
combustion facilities gives a higher change in avoided 
GFLG emissions per m 3 wood than a 10% increase, again 
because this factor is the denominator in the calculation of 
how much energy from oil that is substituted. 

A 10% change in energy content of domestic heating oil, 
density of spruce, C0 2 emissions from burning of oil, 
efficiency of combustion for pellets, briquettes, and oil, and 
heat values for pellets and briquettes gives 10-12% change 
in the result for these two wood energy types. 

For bark energy content of domestic heating oil, C0 2 
emission from oil, and efficiency of combustion for bark 
and oil changes the result by 9-12%. A change in lower 
and higher heat value for bark give a change in avoided 
GHG emissions of 3% and 8%. A 10% change in the 
highest heat value is higher in numerical value, which 
explains the higher change in the result. If the upper and 
lower heat values were changed at the same time, a 10% 
decrease would change the result by —11%, and a 10% 
increase would change the result by 11%. 

A 10% change in energy content of domestic heating 
oil, density, C0 2 emissions from oil, and efficiency of 


combustion for demolition wood and oil gives a 9-11% 
change in avoided GHG emissions per m 3 demolition 
wood. 

Based on the sensitivity analyses in Tables 12 and 13, 
technology, or efficiency of combustion, is an important 
factor. Other important factors are energy content of 
domestic heating oil, C0 2 emissions from oil and coal- 
based power, and heat values for wood energy. For pellets 
and briquettes, density of spruce is important because it 
determines the amount of sawdust needed to produce 
them. Emissions of CH 4 and N 2 0 are important when 
wood energy is used in small, and inefficient stoves. 

However, GHG emissions over the life cycle of sawdust, 
pellets, briquettes, and bark are 5-6% of GHG emissions 
from a comparable amount of oil. For fuel wood, the GHG 
emissions are 14—19% of GHG emissions from substituted 
energy. Taking this and all the uncertainties into con¬ 
sideration, the differences in avoided GHG emissions 
between the various kinds of wood energy are small. 

Nabuurs [21] used 0.86 tonne C0 2 avoided/m 3 for wood 
waste and 0.70 for spruce fire wood. These factors are 
higher than comparable wood energy types in this study. 
The most important reason is that Nabuurs [21] assumed 
that the wood energy substituted coal. Even though 
electricity from coal-based power in this study cause less 
GHG emissions than oil used in domestic boilers, coal 
causes higher emissions than oil in similar combustion 
facilities. The emission factors for European coal-based 
power are also higher than the factor based on Norwegian 
conditions used in this study. Another reason for lower 
result for avoided GHG emissions per m 3 wood in this 
study is that emissions of CH 4 and N 2 0 are included in 
addition to C0 2 , and that emissions from transport and 
production of the wood energy are included. 

3.2.2. Avoided GHG emissions per GWh energy produced 

Table 14 shows the results for avoided GHG emissions 
per GWh energy produced. They range from 240 to 
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Table 14 

Avoided GHG emissions/tonne CCT in the wood energy (tonne C02-equivalents/tonne CO 2 ) 


Bioenergy 

Alternative 

Use 

Basis 

Transport 
not included 

Only C0 2 
included 

New wood 

stoves 

New domestic 

stove 

New wood 

stove 

Pine fuel wood 

Electricity 

Dwellings 

0.31 

0.32 (3%) 

0.35 (14%) 

0.46 (49%) 

— 

— 

Birch fuel wood 

Electricity 

Dwellings 

0.28 

0.29 (3%) 

0.33 (16%) 

0.42 (49%) 

— 

— 

Pine fuel wood 

Heating oil 

Dwellings 

0.42 

0.43 (3%) 

0.46 (10%) 

0.61 (46%) 

— 

— 

Birch fuel wood 

Heating oil 

Dwellings 

0.39 

0.40 (3%) 

0.44 (11%) 

0.58 (47%) 

— 

— 

Sawdust (raw) 

Oil 

Industry 

0.59 

0.59 (1%) 

0.60 (2%) 

— 

— 

— 

Pellets 

Oil 

Industry 

0.60 

0.60 (1%) 

0.61 (2%) 

— 

0.70 (17%) 

— 

Briquettes 

Oil 

Industry 

0.60 

0.61 (1%) 

0.61 (2%) 

— 

— 

0.65 (9%) 

Bark 

Oil 

Industry 

0.61 

0.62 (1%) 

0.62 (2%) 

— 

— 

— 

Demolition wood, spruce 

Oil 

Industry 

— 

0.61 

0.62 (2%) a 

— 

— 

— 

Demolition wood, pine 

Oil 

Industry 

— 

0.63 

0.64 (2%) a 

— 

— 

— 

Demolition wood, birch 

Oil 

Industry 

— 

0.57 

0.58 (2%) a 

— 

— 

— 

Demolition wood, aspen 

Oil 

Industry 

— 

0.56 

0.57 (2%) a 

— 

— 

— 


Percentage change from basis in parentheses. 

“Percent change from the alternative where GHG emissions from transport is not included. 


340 tonne C0 2 -equivalents/GWh in the basis alternative. 
Fuel wood substituting oil avoids most GFIG emissions per 
GWh energy produced, followed by sawdust and bark, 
pellets and briquettes, and fuel wood substituting electri¬ 
city. This ranking is different than for avoided GHG 
emissions per m 3 wood in Table 12. For instance, the 
values for sawdust, pellets and briquettes are lower 
compared to the other wood energy types. The reason is 
that they give more energy than fuel wood and bark, and 
since avoided GHG emissions per GWh is avoided GHG 
emissions per m 3 divided by produced energy Eq. (1), the 
value will be smaller. For the same reason, fuel wood 
substituting oil comes out first with this measure for 
avoided GHG emissions. 

The impact of transport and of only including C0 2 in the 
calculation is similar to avoided GHG emissions per m 3 
wood. However, efficiency of combustion (technology) has 
less impact. This is because improving technology not only 
increases avoided GHG emissions but also amount of 
energy produced. 

The results for demolition wood are similar for all tree 
species, and in the same range as sawdust and bark. 
Similarly, there is not much difference between pine and 
birch fuel wood. Tree species with higher density have 
higher avoided GHG emissions per m 3 , but on the other 
hand they also produce more energy. This explains why 
there is less difference between tree species with this 
measure. 

Avoided GHG emissions per GWh energy produced are 
found with Eq. (1) in Section 2.2. It can be shown 
mathematically that percent change in avoided GHG 
emissions per GWh energy produced due to changing each 
input by + 10% will be the same as the percentage change 
in the sensitivity analysis for avoided GHG emissions per 
m 3 wood for all inputs except heat value for wood and 
efficiency of combustion for wood. These two input values 
also influences avoided GHG emissions per m 3 wood, and 


in such a way that the nominator and denominator changes 
in the same direction. A 10% change in heat value or 
efficiency of combustion for wood will give a lower 
percentage change in the result than for avoided GHG 
emissions per m 3 wood alone. A 10% reduction in 
efficiency of combustion for wood energy reduces avoided 
GHG emissions per GWh energy produced by 0-3%. 
Increasing it increases the result by 0-2%. Reducing heat 
value with 10% decreases the result by 1-3%, increasing it 
increases the result by 0-2%. 

Hektor [9] found values for bark, sawdust, and upgraded 
bioenergy (pellets, briquettes, and pulverised wood) that 
were 4-7% higher than the values for bark, sawdust, 
pellets, and briquettes in this study. Hektor [9] used higher 
efficiency of combustion in his study, 86% for wood and 
93% for light fuel oil. Based on the sensitivity analysis 
above higher efficiency of combustion for wood would not 
have much impact while higher efficiency of combustion 
for oil would reduce the results with about 3%. Another 
explanation for lower values in this study is that emissions 
of CH 4 and N 2 0 are included, and that emissions of CH 4 / 
GWh energy produced are higher for wood than for oil. 

3.2.3. Avoided GHG emissions per tonne COj in the wood 
product 

Table 14 shows avoided GHG emissions per tonne C0 2 
in the wood product. The results are from 0.280 to 
0.610 tonne C0 2 /tonneC0 2 in the wood in the basis 
scenario. The highest result is for bark, followed by pellets 
and briquettes, sawdust, fuel wood when the energy 
substitutes oil, and fuel wood when the energy substitutes 
electricity. The reason for the factor of bark to be so high is 
that it has a low density or C0 2 -content. So even though 
avoided emissions per m 3 bark are low, avoided emissions 
per tonne C0 2 in the bark are high. 

Leaving out emissions from transport, only including 
emissions of C0 2 , and changing the technology used in 
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combustion has the same effect as for avoided GHG 
emissions per m 3 wood in Table 12. Although tree species 
with higher densities have higher avoided emissions, the 
differences between tree species are small because they also 
have higher densities. The largest difference is between 
which energy that is substituted and the efficiency of the 
boiler. 

The result of changing each input by +10% at a time 
will be similar to that in Tables 13 and B.l for all inputs 
except dry density (see Eq. (2)). For pellets and briquettes 
dry density is used to find how much sawdust that is needed 
in the production. When density decreases, more sawdust is 
needed and avoided GHG emissions per m 3 wood 
decreases. So both the nominator and denominator 
decrease and the effect of decreasing/increasing dry density 
is 0%. For all the other wood energy types a 10% decrease 
in dry density for that type gives a 1/0.9 =1.11 change, 
i.e. 11 % increase in avoided GHG emissions per tonne C0 2 
in the wood. A 10% increase changes the result by 
1/1.1 = 0.91, i.e. 9% decrease. 

Schlamadinger and Marland [22] used a factor of 
0.6 MgC emissions avoided/MgC in wood energy. This is 
equivalent to 0.6 tonnes C0 2 avoided/tonne C0 2 in the 
wood and is similar to the higher results in this study. Some 
reasons for lower results in this study are that the factor 
only includes C0 2 , and that emissions from transport and 
production of the energy types are omitted. 

4. Conclusion 

One cubicmetre of fuel wood emits 61-73 kg C0 2 - 
equivalents over its life cycle, the lowest value is for pine 
and the highest for birch. Most of the emissions are CH 4 
from combustion of the fuel wood. This is 14-19% of the 
GHG emissions alternative energy would cause, depending 
on whether the fuel wood substitutes oil or coal based 
electricity. 

One cubicmetre of sawdust or bark emits 25 and 21 kg 
C0 2 -equivalents, respectively. There is not so much 
difference between how much GHG emissions the various 
steps in the life cycle causes. They cause 5-6% of the GHG 
emissions a comparable amount of oil would cause. 

Briquettes and pellets are measured in tonnes instead of 
m3 and 1 tonne of briquettes causes 59 kg C0 2 -equivalents, 
1 tonne of pellets 59 kg C0 2 -equivalents. The emissions are 
mainly from production of sawdust and from combustion. 
Compared to oil, they emit 5% of the GHG emissions. 

Results for demolition wood only includes GHG 
emissions from combustion and shows that 1 m 3 demoli¬ 
tion wood causes 11-14 kg C0 2 -equivalents depending on 
tree species. This is 2% of what a comparable amount of 
oil would cause. 

Avoided GHG emissions per m 3 wood used for wood 
energy are from 0.210 to 0.640 tonne C0 2 -equivalents. Per 
GWh energy produced avoided GHG emissions are from 
250 to 360 tonne C0 2 -equivalents, and per tonne C0 2 in 
the wood, 0.28-0.70 tonne C0 2 -equivalents. The most 


important sources of uncertainty are which technology 
that is used for combustion, which energy that is 
substituted, densities, and heating values. Which technol¬ 
ogy that is used in combustion is less important when 
avoided GHG emissions are related to GWh energy 
produced. If wood energy is used in small stoves, it is 
important to include emissions of CH 4 and N 2 0 in 
addition to C0 2 . Inputs concerning harvest, transport, 
and production of the wood energy are not important. 
Taking the uncertainty into account, there is not much 
difference between the various wood energy types. 

Which energy that is substituted and which technologies 
that will be used depend on market conditions. Bolkesjo 
et al. [23] found that use of bioenergy in Norway is heavily 
dependent on the general price development. To hnd 
avoided GHG emissions due to use of wood energy on the 
country level, or the cost-effectiveness of taxes on fossil 
fuels or subsidies on bio-boilers, further research using 
general equilibrium models and econometric methods is 
needed. 

Although bioenergy is C0 2 -neutral. that is, released 
carbon from combustion of wood was once fixed in 
growing trees, it is not C0 2 free. The time dimension 
where carbon is fixed over a long period of time and then 
released instantaneously when used for energy should be 
taken into consideration. Another aspect is the dynamics of 
a managed forest. Harvesting wood for energy or products 
releases land for regeneration and further carbon fixation. 
These aspects can be studied by including substitution 
effects into a forest management model. 

Acknowledgements 

This article is a result from the projects “Greenhouse gas 
mitigation in forestry in Norway: potential, cost-efficiency, 
risk” financed by the Norwegian Research Council, and 
“Increased use of wood and bioenergy in Hedmark 
County” financed by the regional government administra¬ 
tion in Hedmark, Norway. I wish to thank the project team 
in Hedmark for establishing contact with bioenergy 
producers and providing feedback on earlier drafts. 

Appendix A 

This appendix shows the assumptions used in all the life 
cycle assessments in detail. General assumptions like 
densities and energy contents are shown in Table A.l, 
while emission factors are shown in Table A.l. 


Appendix B 

Table B.l shows the complete result from the sensitivity 
analysis of which input data that are important for avoided 
GHG emissions per m 3 wood. 
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Table A. 1 

Factors used in the life cycle assessments of wood products and bioenergy 


Input 

Value 

Source 

Density, spruce (dry) 

430 kg/m 3 

Heje/Nygaard [24] 

Density, pine (dry) 

490 kg/m 3 

Heje/Nygaard [24] 

Density, birch (dry) 

604 kg/m 3 


Density, aspen (dry) 

463 kg/m 3 

Heje/Nygaard [24] 

Density, bark (dry) 

300 kg/m 3 


Density, spruce (base) 

470 kg/m 3 

Heje/Nygaard [24] 

Density, pine (base) 

520 kg/m 3 

Heje/Nygaard [24] 

Density, birch (base) 

637 kg/m 3 

Heje/Nygaard [24] 

Density, aspen (base) 

490 kg/m 3 

Heje/Nygaard [24] 

Density, bark (base) 

330 kg/m 3 


Density, spruce (wet) 

800 kg/m 3 

Heje/Nygaard [24] 

Density, pine (wet) 

800 kg/m 3 

Heje/Nygaard [24] 

Density, birch (wet) 

925 kg/m 3 

Heje/Nygaard [24] 

Density, aspen (wet) 


Heje/Nygaard [24] 

Energy content, spruce (0% moisture content) 

2000 kWh/m 3 

Heje/Nygaard [24] 

Energy content, pine (0% moisture content) 

2350 kWh/m 3 

Heje/Nygaard [24] 

Energy content, birch (0% moisture content) 

2650 kWh/m 3 

Heje/Nygaard [24] 

Energy content, aspen, (0% moisture content) 

2000 kWh/m 3 

Heje/Nygaard [24] 

Energy content, spruce (30% moisture content) 

1900 kWh/m 3 

Heje/Nygaard [24] 

Energy content, pine (30% moisture content) 

2200 kWh/m 3 

Heje/Nygaard [24] 

Energy content, birch (30% moisture content) 

2500 kWh/m 3 

Heje/Nygaard [24] 

Energy content, aspen (30% moisture content) 

1900 kWh/m 3 

Heje/Nygaard [24] 

Energy content, of bark, lowest estimate 

718-2070 kWh/solid m 3 

Sandberg [25] 

Energy content, of bark, highest estimate 



Energy content, diesel oil 

43.1 MJ/kg 

Statistics Norway [26] 

Energy content, domestic heating oil 

41.6MJ/kg 

Statistics Norway [26] 

Efficiency, heating oil in domestic boiler 

65-80% 

Heje/Nygaard [24] 

Efficiency, oil in larger combustion facilities 

90% 

Heje/Nygaard [24] 

Efficiency, wood and peat in larger combustion facilities 

80% 

Heje/Nygaard [24] 

Efficiency, fuel wood in small stove 

30-70% 

Heje/Nygaard [24] 

Efficiency, fuel wood in domestic boilers 

40-75% 

Heje/Nygaard [24] 

Efficiency, sawdust in central heating systems 

60-75% 

Heje/Nygaard [24] 

Energy use: extraction, refining, and transport of diesel oil/ 

0.06MJ/MJ 

Statoil (1999) 

domestic heating oil 



Diesel consumption, harvester 

1.11/m 3 

Transportbrukernes Fellesorganisasjon [27] 

Diesel consumption, forwarder 

1.01/m 3 

Transportbrukernes Fellesorganisasjon [27] 

Diesel consumption, agricultural tractor 

2.01/m 3 

Transportbrukernes Fellesorganisasjon [27] 

Gasoline consumption, chainsaw 

0.2751/m 3 

Transportbrukernes Fellesorganisasjon [27] 

Diesel consumption, heavy transport 

4.51/mil 

Morkved and Opdal [28] 

Maximum load, heavy transport 

27.5 tonnes 

Morkved and Opdal [28] 

Average transport distance for timber in Hedmark 

49 km 

Fylkesmannens skogavdeling i Hedmark 



(2003) 


Table A.2 

Emission factors 


co 2 

ch 4 

n 2 o 

Source 

GWP 

1 

11.6 

270.1 

Sygna et al. [29] 

Heavy transport 

3170 kg/tonne diesel oil 

0.04 kg/tonne diesel oil 

0.44 kg/tonne diesel oil 

Holtskog and 

Rypdal [30] 

Extraction, refining, and transport of 
diesel oil/fuel oil 

3.3g/MJ 



Statoil (1999) 

Boiler, bioenergy 

0 kg/kg 

0.0003 kg/kg 

0.00007 kg/kg 

Flugsrud [31] 

Boiler, domestic heating oil 

3.17 kg/kg 

0.0004 kg/kg 

0.00003 kg/kg 

Flugsrud [31] 

Small stoves, pine fuelwood 

0 kg/kg 

0.0058 kg/kg 

0.000022 kg/kg 

Haakonsen and 
Kvingedal [32] 

Small stoves, birch fuel wood 

0 kg/kg 

0.0058 kg/kg 

0.000035 kg/kg 

Haakonsen and 
Kvingedal [32] 

Small stoves, domestic heating oil 

3.17 kg/kg 

0.0004 kg/kg 

0.00003 kg/kg 

Flugsrud [31] 

Electricity from coal-based power plant 

82.7kg/GJ 



Flugsrud [31] 








Share of timber handled with harvester and forwarder 
Share of timber handled with chainsaw and forwarder 
Share of timber handled with chainsaw and agricultural tractor 
Diesel consumption, harvester 
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